INTRODUCTION
The development of microstrip filters remains a very imporw x tant activity in many communication applications 1᎐3 . Great effort is being directed toward the investigation of new filter w x configurations exhibiting better electrical performances 4, 5 , w x including the use of high-temperature superconductors 6᎐8 . In this context, the filter selectivity is a key parameter that must always be increased in order to better use the available spectrum, and to provide protection from unwanted signals.
A well-established technique for increasing the selectivity of microwave filters is the implementation of transmission zeros in the insertion loss response. In the case of waveguide filters, many implementations have been successfully develw x oped in the past 9᎐14 . In the case of microstrip filters, several works can also be found in the technical literature describing techniques to increase the filter selectivity. Recently, a work has been published on this subject, which presents a printed structure with a single pair of transmission w x zeros at finite frequencies 15 . The presented structure is composed of square open-loop resonators which are side coupled, and the desired transmission zeros are obtained by classical cross-coupling interactions between nonadjacent resonators. Although the proposed approach is indeed valid, the total surface occupied by the circuit rapidly increases since the square resonators are placed following a meander line in order to allow for the introduction of the side cross-coupling w x effects. The work proposed in 15 is based on previous works w x w x by Hong and Lancaster 16 and Yu and Chang 17 , in which elliptic transfer functions are also implemented by using the same square open-loop resonators combined with cross couplings between nonadjacent resonators, but they are always side coupled. Another example of a printed filter which uses w x side cross-coupling interactions can be found in 18 , where hairpin resonators are placed in a square matrix to achieve an elliptic transfer function for a second-order filter.
As regards broadside-coupled printed structures, a few recent examples can be found in the technical literature, showing the increasing interest in these configurations. For w x instance, 19 describes a printed structure in which two line resonators are broadside coupled to two slot resonators in order to implement wide-frequency spurious-free response w x characteristics. Also, in 20 , a broadside coupler is designed and successfully tested using integrated MMIC multilayer w x technology. Another useful example can be found in 21 , where an elliptic transfer function is synthesized for a second-order filter by broadside coupling two resonators through a slot open on the common ground plane. This idea of introducing coupling through a slot open on the common w x ground plane is also used in 22 , in conjunction with the already mentioned square open-loop resonators, to implement elliptic transfer functions with a more compact configw x uration than the original one proposed in 16 . Other works utilizing aperture couplings on the common ground between w x w x layers can be found in 23 or 24 , for instance.
In this contribution we will further investigate broadsidecoupled structures for high-performance microwave filters. In the paper, we first describe a fast and accurate software tool w x for the analysis of multilayer planar circuits 25 , and then investigate several broadside-coupled microstrip filter configurations to explore novel possibilities of implementing transmission zeros. It is demonstrated that transmission zeros can be generated not only by introducing classical cross-coupling effects between nonadjacent resonators, but also by using the interactions between the different modes excited. Using these interactions, the position of the transmission zeros can be controlled by acting on the dispersion properties of the relevant modes. Furthermore, the use of broadside configurations results in a considerably increased coupling between resonators, thus allowing for the implementation of w x broadband filters, as already pointed out in 22 . In addition to simulations, several comparisons between measured and predicted results are also presented. The good agreement between theoretical predictions and measurements shows that the structures proposed are indeed feasible, and that transmission zeros can be efficiently implemented and controlled.
THEORY
For the structures investigated in the present paper, a software tool based on a spatial integral equation formulation, as w x developed in 25 , has been used. Full details of the formulaw x tion can be found in 25 , so they will not be repeated here. For the sake of completeness, however, the most relevant features on which the software tool is based will now be briefly presented.
The basic structure under investigation is composed of an arbitrary number of metallic lines printed on an arbitrary number of dielectric layers as shown in Figure 1 . The whole structure is shielded by a metallic enclosure, and the analysis w x is restricted, as mentioned in 25 , to unconnected rectangular metallic areas.
The integral equation formulation starts with the imposition of the boundary conditions for the electromagnetic fields in the structure. After imposition of a vanishing tangent electric field in all of the n-metallic areas, a coupled system w x of integral equations is obtained 25 . The kernel of this integral equation is formed with the spatial-domain boxed w x Green's functions of the multilayered medium. In 25 , these Green's functions are formulated using an infinite series of waveguide modes, with the coefficients of the expansion given by the voltages in equivalent transverse transmission-line networks.
The numerical solution of the system of integral equations is obtained using a Galerkin implementation of the method Ž . of moments MoM .
The resulting software can perform the analysis of the structures involved in a few seconds per frequency point Ž . depending on the actual complexity of the geometry , and is rigorous, so that all of the coupling phenomena taking place in the structure can be accurately modeled.
APPLICATIONS
The implementation of microstrip filters using sections of side-coupled lines has been known for some time, and the w associated design techniques are now very well mastered 26, x 27 . An alternative configuration to side-coupled filters is the broadside-coupled structure.
Following this concept, each resonator of the filter is printed on a different substrate, and it is coupled broadside to the other resonators, as shown in Figure 2 . An important advantage of this configuration with respect to the side-coupled structure is that the lateral dimensions of the filter are greatly reduced. Another advantage is that the amount of coupling between the resonators is naturally increased in the broadside configuration. As a consequence, the very narrow gaps usually required to couple the resonators in broadband w x side-coupled filters 28 are avoided.
In many applications, low weight and size are important requirements to be respected. The size of the previous filter can be further reduced if the resonators of the structure are connected to the walls of the box. In this way, the walls act as electrical mirrors for the resonators, and their physical sizes are thus reduced in half. This is shown in the filter structure of Figure 3 , where we show a microwave filter exhibiting essentially the same electrical response as before, but with A similar idea of connecting the resonators to the walls of the cavity can also be used for the implementation of very compact interdigital filters. In this case, the resonators are connected to opposite walls alternatively, as shown in Figure 4 . In addition, a broadband operation is achieved by implementing the input and output couplings of the filter Ž . using the broadside concept see Fig. 4 . To show the feasibility of this structure, the filter was manufactured and tested, Ž . and Figure 4 b presents the measured versus simulated results, showing good agreement. For the practical realization of the filter, small wires were connected to the walls of the cavity in order to assure good contact for the implementation of the short-circuited resonators.
The broadside coupling concept previously described can also be used to introduce cross couplings between nonadjacent resonators, thus resulting in the implementation of w x transmission zeros 21 .
It is well known that a single transmission zero can be implemented by introducing a cross coupling between the w x first and third resonators in a third-order filter 32 . Moreover, the position of the transmission zero with respect to the passband depends on the sign of the cross-coupling introduced. Figure 5 shows a multilayered filter with a transmis- sion zero above the passband using the 1᎐3 cross-coupling concept. As shown in Figure 5 , the second resonator is printed on a different substrate, and it is coupled broadside to allow the introduction of a cross coupling between the first Ž . and third resonators see Fig. 5 . In order to easily realize this structure, the two dielectrics used to print the resonators are separated by a foam material of dielectric constant close to Ž . Ž. unity ⑀ s 1.07 . It is interesting to notice that, in this structure, the box has a general shielding effect on the circuit, but it does not play an important role in the generation of the transmission zero, which is only produced by the cross coupling introduced between the first and third resonators. To demonstrate this fact, a similar filter structure has been designed and manufactured, but considering substrates with infinite lateral trans-Ž . verse dimensions no lateral walls . Figure 6 presents the structure together with measured versus simulated results, again showing good agreement. In particular, the transmission zero is positioned again at the desired frequency, close to the expected location. Only the measured out-of-band response of the filter contains a spurious behavior, probably due to the finite dimensions of the dielectric in the real manufactured prototype.
The main problem of the structure just presented is the difficulty in placing a transmission zero below the passband due to the difficulty in changing the sign of the needed cross coupling. To overcome this limitation, alternative structures for the implementation of transmission zeros were investigated. Figure 7 presents a multilayered structure with all resonators printed on the same dielectric, but the input and output lines are placed on a different substrate, which is separated from the resonator level by a layer of air. Figure  Ž . 7 b presents the electrical behavior of the structure, showing a transmission zero above the passband of the filter. The presence of this transmission zero can be attributed to the dispersive nature of the modes excited in the structure, whose interactions produce a cancellation of energy above the passband. The interesting feature of this structure is that the sign of the coupling can now be easily changed by simply placing an additional layer of air on top. This additional layer actually increases the propagation velocity of the modes, which causes the cancellation of energy to take place this time below the passband.
In Figure 8 , we present a filter prototype manufactured in our laboratory following this last idea. In the figure, all of the pieces of the filter can be observed, including the foam substrates with ⑀ s 1.07 used to model the air layers. Figure   r 9 presents the final optimized dimensions, together with the electrical response of the filter, showing the transmission zero and corresponding selectivity improvement below the passband. The figure also presents measured versus simulated results, showing that the agreement is also very good in this case.
In connection with this last structure, it is interesting to note that the dispersive nature of the excited modes can be easily modified by introducing a slot on the top lid of the cavity. In this way, the cancellation of energy can be adjusted to produce a transmission zero above or below the passband of the filter, as desired. To show the capability of a slot to tune the position of the transmission zero, we present in Figure 10 a microwave filter of order 2 with an additional slot open on the top lid of the box. Figure 10 also shows the responses of the filter for three different positions of the slot.
Ž . In Figure 10 b , the slot is close to the lateral walls, and its effects are therefore negligible. The structure presents a transmission zero below the passband, as in the previous case. As the position of the slot is varied, the transmission zero shifts with respect to the passband of the filter, and in Ž . Figure 10 c , it lies in the middle of the frequency band. If the slot continues to vary, the transmission zero shifts again, until eventually it moves above the passband, as clearly Ž . shown in Figure 10 d .
CONCLUSIONS
In this paper, a number of novel microstrip filter structures have been investigated. In particular, the advantages and effects of introducing broadside couplings between resonators have been studied. It has been found that the level of coupling achieved when the resonators are placed broadside is considerably higher as compared with the side-coupled counterparts.
In addition, broadside-coupled structures allow us to easily introduce cross couplings between nonadjacent resonators, thus resulting in the implementation of transmission zeros in the insertion loss response of microwave filters. In this paper, several interesting structures for the implementation of transmission zeros have been introduced and discussed. In particu- Finally, several filter structures have been manufactured and tested, and comparisons with theory have been presented. Good agreement with predicted results has been obtained, thus confirming the validity of the new structures proposed.
INTRODUCTION
As the density, complexity, and speed of VLSI circuits are continuing to increase, the management of the on-chip interconnects becomes of paramount concern to the IC designer, especially with respect to the internal parasitics parameters' w x immunity 1 . In order to accomplish this, it is necessary to w x analyze and model the broadband characteristics 2᎐6, 9 of the silicon VLSI interconnects since the signals tend to exhibit both short rising and falling times. For the case of silicon, the effect of the high-loss substrate on the distributed inductance and resistance of the interconnects has not been modeled well with analytical closed-form expressions. In this Ž letter, we suggest an analytical model based on silicon-. substrate-induced current distribution that can accurately predict the frequency-dependent inductance and resistance of silicon-substrate IC interconnects, with good agreement with the quasi-TEM spectral-domain approach and full-wave numerical simulation over a wide range of dimensions, substrate conductivity, and frequency.
